Astrocytoma/glioblastoma is the most common malignant form of brain cancer and is often unresponsive to current pharmacological therapies and surgical interventions. Despite several potential therapeutic agents against astrocytoma and glioblastoma, there are currently no effective therapies for astrocytoma, creating a great need for the identification of effective antitumor agents. The authors have developed a novel dual-reporter system in Trp53/Nf1-null astrocytoma cells to simultaneously and rapidly assay cell viability and cell cycle progression as evidenced by activity of the human E2F1 promoter in vitro. The dual-reporter high-throughput assay was used to screen experimental therapeutics for activity in Trp53/Nf1-null astrocytoma. Several compounds were identified demonstrating selectivity for astrocytoma over primary astrocytes. The dual-reporter system described here may be a valuable tool for identifying potential antitumor treatments that specifically target astrocytoma. (Journal of Biomolecular Screening 2008:795-803) 
INTRODUCTION

A
STROCYTIC GLIOMAS, including astrocytomas and glioblastoma multiforme (GBM), are the most common malignant form of brain cancer and are often unresponsive to surgical intervention and current pharmacological therapy. The best current treatment option is surgical removal; however, astrocytomas/GBM diffusely infiltrate the central nervous system, rendering resection difficult or impossible, leading to poor patient prognosis. 1, 2 Consequently, the 5-year survival rate for GBM is less than 5%. 3 Although a finite list of pharmacological agents have been reported as potential therapeutic agents against astrocytoma and GBM, 4 the cure rate is still very low, demonstrating the tremendous need for identifying more effective antitumor agents.
One of the earliest and most common genetic alterations in astrocytoma is loss of heterozygosity on chromosome 17p. [5] [6] [7] This chromosomal region encompasses the p53 gene, which plays a primary role in the progression of multiple types of tumors, including astrocytoma. Nearly 50% of astrocytomas include loss of heterozygosity at 17p and/or mutation of p53, with up to 90% of GBMs displaying alterations in the p53 pathway. 8 The p53 protein serves as a key component of the cell cycle checkpoint by halting proliferation in response to DNA damage and as a transcription factor that induces genes responsible for growth arrest and apoptosis. 9 Furthermore, tumors known to contain mutations in p53 are more resistant to radiation, and many antitumor agents are inactive in p53-null tumors, making these tumors also resistant to chemotherapy. 10 The familial cancer syndrome neurofibromatosis type 1 (NF1) is an autosomal dominant syndrome that predisposes individuals to developing multiple tumors, including astrocytoma and GBM.
11 NF1 patients carry a mutation in the NF1 gene (the Nf1 gene in mice) that encodes for the protein neurofibromin. Neurofibromin is a tumor suppressor rasGAP protein that downregulates the ras signaling pathway linking growth factor signals to cellular proliferation. 12 Consequently, loss of neurofibromin plays a key role in the induction of tumorigenesis, leading to overactivation of the oncogenic ras pathway.
Because many human astrocytomas contain mutations in Tp53 (Trp53 in mice), encoding the p53 protein, as well as upregulation of ras signaling that is critical for astrocytoma tumorigenesis and maintenance, preclinical models that reflect these alterations may be ideal for characterizing and identifying potential astrocytoma therapeutics. Mice carrying mutations in Nf1 and Trp53 on the same chromosome (Nf1-/+;Trp53-/+cis: NPcis) have been characterized as a mouse model of NF1 13, 14 and astrocytoma. 14, 15 NPcis mice undergo spontaneous loss of heterozygosity at the wild-type copies of Nf1 and Trp53, resulting in the development of brain tumors with high penetrance and close similarity to human astrocytomas. 15 NPcis brain tumors range from low-grade astrocytomas to high-grade GBMs, forming diffusely infiltrative tumors. 13, 15 Primary tumor cells isolated from NPcis astrocytomas show loss of the wild-type copies of Nf1 and Trp53 and maintain tumor cell characteristics similar to human astrocytoma in vitro. 15 Thus, NPcis astrocytoma cells can be used to build an in vitro assay for identifying novel antiastrocytoma therapeutic candidates.
KR158 tumor cells from a grade III NPcis aggressive anaplastic astrocytoma 15 were used to generate a green and red luciferase (G/R-luc) dual-reporter system that simultaneously assesses activity of the human E2F1 promoter and cellular cytotoxicity in a high-throughput assay. The G/R-luc dualreporter system was used to screen chemically diverse compounds to identify agents with antiproliferative activity in astrocytoma cells. This system distinguishes cytostatic compounds from cytotoxic agents during the initial screening, discriminating cytotoxic agents from inhibitors of proliferation. Thus, the G/R-luc dual-reporter system could significantly decrease the time and cost required to screen compound libraries. This system was also used to examine the pharmacology of identified antitumor agents. The G/R-luc dual-reporter system is a valuable tool in the identification and characterization of potential antitumor treatments specifically targeting astrocytoma.
METHODS
G/R-luc cell line
For construction of the pEf-CBGluc plasmid expressing the green luciferase gene under control of the human E2F1 promoter, green click beetle luciferase from pCBG681uc (Promega, Madison, WI) was subcloned in place of the firefly luciferase gene into pEf-luc (gift from Dr. Eric Holland). 16 The hygromycin resistance gene was PCR cloned into pEf-CBGlu upstream of the E2F1 promoter for clonal selection. pHygro-Ef-CBGluc was stably transfected into grade III KR158 astrocytoma cells 15 using Fugene (Roche Applied Science, Indianapolis, IN) to generate Gluc astrocytoma cells. For construction of pCMV-CBRluc, the cytomegalovirus (CMV) promoter was cloned in place of the SV40 promoter into pCBR-Basic (Promega), which contains the modified click beetle red-emitting luciferase. The PKG promoter and puromycin resistance pac gene were cloned upstream of the CMV promoter for clonal selection. pPuro-CMV-CBRluc was stably transfected into G-luc astrocytoma cells to generate the G/R-luc astrocytoma dual-reporter cell line. All cell lines were maintained as described previously. 
Dual-luciferase assay
At the time of assay, growth media were replaced with 50 μL fresh media immediately followed by 50 μL Chroma-Glo (Promega) lysis and luciferase reagent and incubated at room temperature. At 15 and 30 min after lysis, green (537 nm) and red (613 nm) luminescence was detected with a Fluorostar (BMG Technologies, Durham, NC) microplate reader by quantitating photon emissions passing through 540-nm and 615-nm filters.
Luciferase induction assay
G/R-luc cells were plated in 96-well black optical bottom plates at a density of 15,000 cells per well. Six hours after plating, the media were changed to starving media (SV) lacking serum or to fresh growth media (GM), incubated for 24 h at 37 °C, and changed again to SV or GM for an additional 24 h at 37 °C. For time induction experiments, SV was replaced with GM at 4, 8, 18, 24, and 30-h time points prior to the luciferase assay.
G/R-luc dual-reporter validation
Serial dilutions of either U0126 (Calbiochem, San Diego, CA) or nocodazole (Sigma-Aldrich, St. Louis, MO) were added to G/R-luc cells 6 h after plating. Approximately 40 h after compound addition, green and red luciferase expression was determined using a dual-luciferase assay. Cells treated with growth media containing DMSO vehicle alone (V) were used as positive controls for cell proliferation, and cells treated with SV were used as negative controls. Green luminescence values for the compound of interest ( (1)). Lethal concentration (LC) values were determined using red luminescence for the compound of interest ( R λ C ) values and SV negative controls ( R λ SV ) (equation (2)).
(
The concentration of compound at the GI 50 value (GI = 50), representing a 50% reduction in green luminescence, and the LC 50 value (LC = -50), representing a 50% reduction in red luminescence, was determined by plotting the sigmoidal doseresponse curves using GraphPad Prism (GraphPad Software, San Diego, CA). The half-maximal inhibitory concentration (IC 50 ) was also determined for nocodazole using the sigmoidal dose-response curve and GraphPad Prism.
High-throughput screen
G/R-luc cells were plated in 96-well black optical bottom plates with each well receiving identical numbers of cells. Depending on the experimental run, cells were plated at a density of 3000 to 5000 cells per well. The plating density was chosen to be higher than the lower limit of detection of 2500 cells and low enough to allow 2 cell doublings over the course of the experiment in uninhibited controls. Six hours after plating, the media were changed to fresh media containing controls or 10 μM of compounds from the National Cancer Institute (NCI) diversity set library (Drug Synthesis and Chemistry Branch, Developmental Therapeutics Program [DTP], Division of Cancer Treatment and Diagnosis, NCI, Frederick, MD). Two sets of negative controls, SV containing DMSO (vehicle) or 100 ng/mL nocodazole, were included in duplicate. GM containing DMSO was included in duplicate as a positive control for cell growth and a negative control for growth inhibition. Then, 10 μM of the phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 (LY; Calbiochem) was included as a positive control for inhibition of growth signaling and was also used to assess plate-to-plate variability. Two wells of each control were included in the first and last columns of each plate for a total of 4 wells.
By separating the controls into the first and last columns, the controls are the first and last samples read on each plate, and the consistency between both groups controls for the stability of the reaction over the period of reading the plate. Approximately 40 h after addition of compounds, green and red luminescence was determined using a dual-luciferase assay. Vehicle-alone internal controls were used to determine the raw activity threshold (RAT) for normalization of individual 96-well assays based on the inhibition of cell proliferation. The RAT is the level of green luminescence corresponding to 50% growth inhibition compared with the total growth of the vehicle-alone control. Green luminescence of the compound of interest ( G λ C ) and of the vehicle-alone controls ( G λ V ) was used to calculate the GI for screened compounds (see equation (1)). Compounds resulting in less than 50% inhibition of green luminescence, GI < 50, such that their green luminescence measurement exceeded the RAT, were excluded as inactive compounds. Red luminescence of nocodazole-arrested controls ( R λ N ) was used to identify cytotoxic compounds with negative LC values (see equation (2)), where R λ C is the red luminescence of the compound of interest. Positive hits from the initial screen were assayed again to confirm reproducibility of antiproliferative activity and to eliminate false positives.
Dual-luciferase assays were also used to generate drugresponse curves and calculate GI 50 values for active compounds identified from the screen. G/R-luc dual-reporter cells were treated with 4-fold logarithmic dilutions of compound for approximately 40 h, followed by a dual-luciferase assay. IC 50 values were determined for cytostatic compounds using the sigmoidal dose-response curve and GraphPad Prism.
Washout experiments
G/R-luc astrocytoma cells were grown in 96-well plates as described earlier and treated with 100 ng/mL nocodazole, 1 μM NSC#676693, 1 μM deoxybouvardin, or DMSO 6 h after plating. After 24 h, the media were replaced in all wells; half of the cells were allowed to recover in media without inhibitors, and half of the cells were maintained in the presence of inhibitors. Cells were allowed to recover for 32 h, and green luminescence was determined with Chroma-Glo luciferase assays described earlier. Green luminescence was calculated as percent control of vehicle DMSO controls. Significance was determined using repeated-measures analysis of variance (ANOVA) and Tukey's honestly significant differences (HSD) and Bonferroni post hoc tests with p < 0.05 considered significant.
Alamar blue assay
G/R-luc, KR158, primary astrocytes, or SF295 (human grade IV astrocytoma/GBM) cells were plated as described for the high-throughput screen in 96-well tissue culture plates. Compounds were added to the cells at logarithmic dilutions in triplicate and incubated at 37 ºC. After approximately 40 h, GM containing 30% Alamar blue (Invitrogen, Carlsbad, CA) was added to the cells to a final concentration of 10% Alamar blue and incubated at 37 °C for 4 h. Fluorescence was measured with 560-nm excitation and 590-nm emission filters using a Novostar (BMG Technologies) microplate reader.
Primary astrocytes
Primary astrocytes were harvested as previously described 17 with minor modifications. Neocortex was dissected from the brains of wild-type C57BL/6J pups at P1. Neocortical cells were dissociated by mechanical dissociation in Dulbecco's modified Eagle's medium (DMEM)/20% fetal bovine serum (FBS), pelleted by centrifugation, and plated at a density of 2 × 10 6 cells per 10-cm plate in DMEM/20% FBS and incubated at 37 °C for 14 days. Surviving astrocytes were plated at 5000 cells per well in 96-well plates for Alamar blue assays.
Phalloidin staining
Astrocytoma cells were plated on glass coverslips in 12-well plates at a density of 100,000 cells per well. Six hours after plating, 1 μM of NSC#676693 or DMSO (vehicle control) was added to the cells and incubated at 37 °C for 48 h. Cells were fixed in 4% paraformaldehyde, stained with Texas Red-X phalloidinconjugated antibody (Molecular Probes, Eugene, OR), and mounted onto slides with Prolong gold antifade reagent with 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen).
RESULTS AND DISCUSSION
The G/R-luc dual-reporter system was generated by stably expressing green and red click beetle luciferase reporters in previously characterized grade III mouse astrocytoma cells, 15 where expression of green luciferase was under control of the human E2F1 promoter and expression of red luciferase was driven by the constitutively active human CMV immediateearly promoter. Therefore, green luciferase expression is controlled by active cellular proliferation, and red luciferase expression is actively expressed in all healthy cells. Because the peak luminescence for the green (537 nm) and red (613 nm) click beetle luciferases is well separated, it is possible to simultaneously assay both using filtered luminescence with little spectra overlap. 18, 19 Although filtered luminescence decreases the total luminescence signal intensity by up to 90%, background signal is extremely low. The G/R-luc reporter system is sensitive enough to detect significant green-filtered luminescence over background in as few as 2500 cells (Fig. 1A) . Furthermore, green luciferase expression in rapidly dividing cells is linear with respect to cell number up to 40,000 cells, when cell proliferation begins to be inhibited by increasing cell densities and cell contact inhibition. The threshold for red luminescence sensitivity is slightly higher than green luminescence (Fig. 1B) . Red luminescence is linear with cell number up to a very high cell density (160,000 cells per well), suggesting that red luciferase expression correlates with cell number regardless of the proliferation rate or E2F1 promoter activity.
Green luciferase expression reflects active cellular proliferation and is significantly lower when cellular proliferation is slowed in the absence of serum (Fig. 1C) . When growth media containing serum are added back to serum-starved cells, green luminescence increases. Green luminescence is significantly increased 6 h after the addition of serum and rises rapidly after 20 h (Fig. 1D) . The increase in green luciferase expression at 6 h coincides with activation of transcription and protein translation downstream of the E2F1 promoter. The rapid rise in green luciferase expression after 20 h is consistent with the timing of the cell cycle, requiring approximately 24 h to complete. These data suggest that the human E2F1 promoter drives the green luciferase expression in the G/R-luc astrocytoma cell line in an efficient and proliferation-dependent manner.
Well-characterized growth inhibitors were used to validate the G/R-luc dual-reporter system for determining LC 50 , GI 50 , or IC 50 values in a 96-well dual-luciferase assay. Because green luciferase expression correlates with activity of the E2F1 promoter and active cell cycle, green luminescence was used to calculate GI 50 values, the concentration of compound at which cell proliferation is inhibited by 50% as compared with controls. Because red luciferase expression correlates with total cell number, red luminescence values were used to calculate LC 50 values, the lethal concentration of compound at which the total cell number is decreased by 50% as compared with nocodazole-arrested controls. The MEK inhibitor U0126 restricts cell growth in multiple cell lines, including astrocytoma. 20 In G/R-luc astrocytoma cells, the GI 50 value for U0126 was found to be 5 μM (Fig. 2A) , and the LC 50 value for U0126 was determined to be 96 μM using dual-luciferase assays (Fig. 2B) , and these values are consistent with previously reported data. 21 Nocodazole is a cell cycle inhibitor that depolymerizes microtubules and arrests cells during mitosis or in G2. Nocodazole treatment reaches E max at about 55% growth inhibition with a threshold dose of 0.33 μM (100 ng/mL; Fig. 2C) , which is consistent with previous reports in which nocodazole was used at this dose to induce complete growth arrest. 22, 23 Because nocodazole is cytostatic and E max does not reach 100% growth inhibition, the IC 50 value is more informative to compound activity than the GI 50 value. Therefore, the G/R-luc dual-reporter assay was used to determine the IC 50 value for nocodazole as being 0.06 μM in astrocytoma cells (Fig. 2C) . The U0126 and nocodazole pharmacology analyzed with the G/R-luc dual-reporter system is congruent with known pharmacology of these compounds and validates this system for determining LC 50 , GI 50 , and IC 50 values.
To verify the potential of the G/R-luc dual-reporter assay for high-throughput screens (HTS), we determined the screening window coefficient (Z′ factor) for both the green-and red-filtered luminescence (see equation (3)). The Z′ factor takes into account the experimental standard deviation and the signal-to-noise ratio to determine the quality and potential of HTS assays. 24 The Z′ factor was determined using raw luminescence data values from duplicate positive and baseline controls on each plate used in the HTS as follows. Cells grown in 10% FBS growth media in the presence of DMSO vehicle (GM) were used as positive growth controls, and cells cultured in SV in the presence of 100 ng/mL nocodazole to arrest cell growth were used as baseline controls. The 2 positive controls and 2 baseline controls were used to determine the Z′ factor for each plate, and Z′ factors from 6 independent runs were averaged to determine the Z′ factor for the HTS. The Z′ factor equation was modified to fit the dual-luciferase model (C), such that σ V = standard deviation in GM controls, σ N = standard deviation in Noc controls, μ V = average of the raw luminescence data for GM controls, and μ N = average of the raw luminescence data for Noc controls. The Z′ factor for the green luminescence is consistently within the range for an excellent HTS assay, 0.5 ≤ Z′ < 1, in both 96-well and 384-well formats (Fig. 2E) . Although red luminescence exhibits a higher standard deviation between replicates, the Z′ factor for red luminescence is consistently within the range of a good HTS assay, 0.2 ≤ Z′ < 0.5, in both 96-well and 384-well formats. Thus, the G/R-luc dualreporter assay has a high potential to discriminate changes in red and green luminescence compared with positive and negative controls in HTS assays.
To conduct validation tests as outlined by the Assay Guidance Manual, 25 we used 10 μM of the PI3K inhibitor LY294002 (LY; Calbiochem). In KR158 astrocytoma cells, 10 μM LY acts as a cytostatic compound near the RAT by inhibiting E2F activity by 40% to 50%. During a potency analysis, the minimum significant ratio (MSR) between multiple HTS runs was 1.26 (MSR < 3), demonstrating that there was good individual agreement between the multiple runs, and the assay passed the reproducibility test. The upper and lower limits of agreement (LsA) fell between 0.94 and 1.49, demonstrating that the assay also passed the LsA criterion (0.33 < LsA < 3.0) and equivalence test. Then, 10 μM LY was included in all HTS assays as the primary internal control and to monitor assay drift between runs. The overall MSR across the diversity set HTS screen (described below) was 7.13, demonstrating that the assay reproducibility was stable over time (MSR < 7.5).
The G/R-luc dual-reporter assay was used to screen the NCI diversity set for compounds with antiastrocytoma activity (Fig.  3A,B) . The NCI diversity set is composed of 1982 chemically diverse compounds chosen to represent the various chemical structure groups found in the larger set of almost 140,000 compounds. G/R-luc cells were treated with 10 μM of each compound for 40 h, followed by a dual-luciferase HTS assay. Vehicle-alone controls were used to normalize the individual assays (see the Methods section for details) (Fig. 3A) and calculate the RAT as the level of luminescence corresponding to a 50% reduction in the E2F1 promoter activity relative to vehicle alone. Thus, raw data can be quickly screened to find active compounds that show luminescence measurements below RAT for individual plates. Compounds resulting in a decrease in red luminescence, LC < 0, as compared with nocodazole-arrested controls were identified as cytotoxic compounds (Fig. 3B) . compounds that inhibit activity of the E2F1 promoter but do not generally inhibit transcription factors, as evidenced by the activity of the CMV promoter, or kill the cells. Compounds with GI > 50 in the initial screen were rescreened to confirm reproducibility and eliminate false positives. During rescreening, cells were also examined briefly under a light microscope to determine the frequency of false positives in which compound treatment inhibited both green and red luminescence but did not kill the cells. These compounds are likely to inhibit activity of the E2F1 and CMV promoters indiscriminately or activity of the luciferase enzymes but are not specific for the E2F1 promoter. The false-positive rate was found to be less than 0.2%. The remaining compounds were further divided into 3 groups: cytotoxic, cytostatic, and cytotoxic/cytostatic. Ninety-seven cytotoxic compounds were identified (4.9% of tested compounds). The cytostatic group consisted of 68 compounds (3.4% of tested compounds) that reproducibly inhibited cellular proliferation without cytotoxicity. The third group, cytotoxic/cytostatic, consisted of 9 compounds that were cytotoxic in 1 screen and cytostatic in another. These compounds are likely to be cytotoxic, such that the concentration used at screening, 10 μM, is at a threshold concentration level near the LC 50 .
To further refine the list of compounds with activity against brain tumors, we compared the compounds identified from the compound screen in the G/R-luc astrocytoma cell line with the NCI-60 data that were available through the NCI DTP program (http://www.dtp.nci.nih.gov/index.html). Thirty-seven of the identified compounds have activity in at least 1 human CNS cell line, and 14 showed significant activity in at least 3 or more CNS cell lines. The G/R-luc astrocytoma cells were then used to determine the GI 50 value for the top candidates in a 96-well dual-reporter assay.
Camptothecin and several of its derivatives, including topotecan, were identified as cytotoxic agents in the G/R-luc astrocytoma cell line, with GI 50 values in the nanomolar range ( Table 1) . Although camptothecin failed clinical trials in the 1970s, topotecan was approved by the Food and Drug Administration (FDA) in 1996 as a secondary treatment for ovarian and small-cell lung cancers and is currently being investigated for the treatment of astrocytoma. 26 Although these compounds are not novel, their identification from the compound library serves as positive controls for hit identification in the HTS assay and further validates the use of the G/R-luc dual-reporter assay as a therapeutic screening tool to identify active compounds. Bouvardin and deoxybouvardin were found to have cytotoxic activity in the 28-to 41-nM range. The bouvardins also have been reported as potential antitumor agents. 27, 28 Eight other compounds were identified from the NCI diversity set as having cytotoxic activity in the p53/NF1-null G/R-luc dual-reporter astrocytoma cells ( Table 1) . Four of these compounds have potent cytotoxic activity in the nanomolar range.
Washout experiments were used to confirm that the G/R-luc dual-reporter system differentiates between cytostatic and cytotoxic activities. Green luminescence is inhibited in the presence of cytostatic compounds nocodazole and NSC#676693 (Tables 2, 3 ; Fig. 4 ) and the cytotoxic compound deoxybouvardin (Tables 1, 3; Fig. 4 ). When inhibitors are removed from the media, green luminescence significantly increases in cells pretreated with nocodazole and NSC#676693 but not in those previously treated with deoxybouvardin (Fig. 4) . Therefore, G/R-luc dual-reporter astrocytoma cells were able to recover from cytostatic treatment with nocodazole and NSC#676693 but not from the cytotoxicity of deoxybouvardin. These data further suggest that green luminescence in the G/R-luc dual-reporter system can be used to distinguish between cytostatic and cytotoxic inhibition. At least 5 of the cytostatic compounds identified in the HTS screen were found to alter the cellular morphology of the astrocytoma cells ( Table 2) . Treatment with NSC#676693, NSC#128687, NSC#158383, or NSC#131734 results in an apparent increase in cellular cytoplasm and change in cell shape. On the other hand, treatment with NSC#131053 results in a decrease in total cell size. Furthermore, treatment of anaplastic astrocytoma cells with NSC#676693 results in a clear morphological change that lacks the astrocytic projections and cell-spreading characteristics of KR158 cells and is consistent with inhibition of cytoskeletal regulation (Fig. 5B) . Because these compounds are cytostatic and E max does not approach 100% growth inhibition, the concentration resulting in 50% growth inhibition (GI 50 ) is not equal to the concentration resulting in half of the maximal inhibitory effect (IC 50 values). Therefore, IC 50 values are more reflective of the activity of cytostatic compounds than GI 50 values. The IC 50 values for all but 1 of the morphology-altering compounds are in the low micromolar to nanomolar range. Although these compounds are cytostatic rather than cytotoxic up to 10 μM, all but 1 of these compounds (NSC#131053) reaches 50% growth inhibition. This is consistent with nocodazole treatment, which arrests the cells in mitosis and reaches E max near 55% growth inhibition (Fig. 2C) . NSC#676693 also reaches E max at 55% inhibition of the E2F1 promoter over a 2-fold log concentration from 1 to 10 μM (Fig. 5A) , and washout experiments confirm that cells recover after treatment with NSC#676693 similarly to nocodazole (Fig. 4) , thereby suggesting a specific cytostatic rather than cytotoxic function for NSC#676693.
Because the dual-reporter assay has been established in a mouse grade III astrocytoma line, it is important to validate the results of this assay in human tumor lines and in tumors of different grades. GI 50 or IC 50 values for potent compounds were assessed in other astrocytoma cell lines to determine if the inhibitory effects were common to different astrocytoma cells from both mouse and human ( nonspecific to the target of interest, such as the E2F1 promoter. Because the dual-luciferase assay design discriminates between green and red luminescence, it is possible to distinguish luciferase expression under the control of different promoters in a single assay. This system distinguishes between specific inhibition of the E2F1 promoter (green luminescence) and nonspecific transcription factor inhibition and general cytotoxicity (red luminescence) in the initial screen. Thus, the dual-luciferase reporter assay system can cut costs and time significantly by identifying potential therapeutic candidates from a single HTS assay. This system further can be used to determine GI 50 , LC 50 , and IC 50 values as well as study the additive or synergistic effects of combinatorial treatments in an HTS fashion. The G/R-luc astrocytoma dual-reporter assay was validated as a stable and reproducible HTS tool to identify novel compounds with antiproliferative activity in astrocytoma cells. Out of 1982 chemically diverse compounds in the NCI diversity set compound library, 14 were identified that also have significant activity in other CNS tumor cell lines. Several compounds with known antiproliferative activity in CNS tumors were also identified, such as camptothecin and several of its derivatives, and served as positive controls for successful identification of therapeutic agents using the G/R-luc dual-reporter assay. Three novel compounds-NSC#207895, NSC#268665, and NSC#606985-were also identified as having potent cytotoxic activity in mouse and human astrocytoma cells with specificity for tumor cells over primary astrocytes. Future experiments will be required to determine the in vivo bioavailability and use of these compounds as antiastrocytoma therapeutic agents.
The G/R-luc dual-reportor HTS also identified 6 compounds in the NCI diversity set that are cytostatic and specifically inhibit cellular proliferation accompanied by alteration of astrocytoma cell morphology. For example, NSC#676693 is a highly potent FIG. 5 . Representative drug-response curves for the cytostatic compound NSC#676693 compared with the cytotoxic compound camptothecin (A). NSC#676693 reaches E max at 50% growth inhibition over 2 log concentrations. Texas Red-conjugated phalloidin was used to visualize actin filaments and morphological changes in cells treated with (B) DMSO vehicle or 1 μM NSC#676693. Scale bar = 100 μm. DAPI, 4′,6-diamidino-2-phenylindole. cytostatic inhibitor, specific for astrocytoma cells compared with primary astrocytes, and induces morphological changes in astrocytoma cells. These compounds may be useful tools to understanding astrocytoma tumorgenicity. Future in vivo experiments will determine the utility of these cytostatic compounds as antiastrocytoma therapeutics.
We described here a novel dual-reporter assay that uses filtered luminescence to simultaneously assess and distinguish between activity of the E2F1 promoter and nonspecific transcription factor inhibition and cytotoxicity. The G/R-luc dual-reporter system is an efficient and promising tool for the identification and study of antiastrocytoma therapeutic agents in vitro.
